We have developed a novel three-dimensional (3D) cellular microarray platform to enable the rapid and efficient tracking of stem cell fate and quantification of specific stem cell markers. This platform consists of a miniaturized 3D cell culture array on a functionalized glass slide for spatially addressable high-throughput screening. A microarray spotter was used to deposit cells onto a modified glass surface to yield an array consisting of cells encapsulated in alginate gel spots with volumes as low as 60 nL. A method based on an immunofluorescence technique scaled down to function on a cellular microarray was also used to quantify specific cell marker protein levels in situ. Our results revealed that this platform is suitable for studying the expansion of mouse embryonic stem (ES) cells as they retain their pluripotent and undifferentiated state. We also examined neural commitment of mouse ES cells on the microarray and observed the generation of neuroectodermal precursor cells characterized by expression of the neural marker Sox-1, whose levels were also measured in situ using a GFP reporter system. In addition, the high-throughput capacity of the platform was tested using a dual-slide system that allowed rapid screening of the effects of tretinoin and fibroblast growth factor-4 (FGF-4) on the pluripotency of mouse ES cells. This high-throughput platform is a powerful new tool for investigating cellular mechanisms involved in stem cell expansion and differentiation and provides the basis for rapid identification of signals and conditions that can be used to direct cellular responses.
ABSTRACT:
We have developed a novel three-dimensional (3D) cellular microarray platform to enable the rapid and efficient tracking of stem cell fate and quantification of specific stem cell markers. This platform consists of a miniaturized 3D cell culture array on a functionalized glass slide for spatially addressable high-throughput screening. A microarray spotter was used to deposit cells onto a modified glass surface to yield an array consisting of cells encapsulated in alginate gel spots with volumes as low as 60 nL. A method based on an immunofluorescence technique scaled down to function on a cellular microarray was also used to quantify specific cell marker protein levels in situ. Our results revealed that this platform is suitable for studying the expansion of mouse embryonic stem (ES) cells as they retain their pluripotent and undifferentiated state. We also examined neural commitment of mouse ES cells on the microarray and observed the generation of neuroectodermal precursor cells characterized by expression of the neural marker Sox-1, whose levels were also measured in situ using a GFP reporter system. In addition, the high-throughput capacity of the platform was tested using a dual-slide system that allowed rapid screening of the effects of tretinoin and fibroblast growth factor-4 (FGF-4) on the pluripotency of mouse ES cells. This high-throughput platform is a powerful new tool for investigating cellular mechanisms involved in stem cell expansion and differentiation and provides the Introduction Stem cells are characterized by their unlimited self-renewal capacity and potential to generate fully differentiated, mature cells (Smith, 2001 ). Due to these unique characteristics, stem cells are at the forefront of potential regenerative medicine therapies and may also provide an unlimited source of cells for pharmaceutical applications (Klimanskaya et al., 2008; McNeish, 2004 ). However, several major challenges hinder the development of new stem cell-based technologies. These challenges include the identification of new signals (e.g., small molecules, hormones, proteins, etc.) and conditions that regulate and influence cell function, and the application of this information toward the design of reproducible stem cell bioprocesses and therapies (Xu et al., 2008) . Therefore, the ability to interrogate signals that influence stem cell fate in a high-throughput manner will greatly impact our understanding of the mechanisms that regulate cellular responses (Fernandes et al., 2009) .
In this context, microscale technologies are emerging as powerful tools for tissue engineering (Khademhosseini et al., 2006) and high-throughput screening (Lee et al., 2005 , and as cell-based probes in chemical biology (Fernandes et al., 2008) . With the advent of robotic spotting technology, it is now possible to distribute nanoliter volumes of different samples in a spatially addressable footprint (Anderson et al., 2005; Ko et al., 2005; Kwon et al., 2007) . As a result, cellular microarrays can enable highthroughput, high-content (e.g., protein-specific) parallel screening of a large number of small molecules (Bailey et al., 2004) . Such cell-based microarrays are particularly promising for studying the growth and differentiation of stem cells (Soen et al., 2006) , and for investigating the influence of small molecules and cell growth conditions on cell physiology and function (Flaim et al., 2008) .
The microarray format is therefore an attractive tool with a wide range of applications in cell biology and chemical biology that call for multiple experiments in parallel, while using minimal amounts of cells and often expensive reagents (Castel et al., 2006) . While the complexity of signals required for stem cell expansion and lineage selection have prompted the development of microarray platforms for highthroughput screening of the effects of extracellular matrix proteins (Flaim et al., 2005) , growth factors (Soen et al., 2006) , and biomaterials (Anderson et al., 2004) on stem cell growth and differentiation, none of these systems used a three-dimensional (3D) environment. In addition to two-dimensional cell-culture arrays, miniaturized threedimensional (3D) arrays have been developed, which are compatible with high-throughput screening . The more native-like microenvironment of the 3D culture may enhance the quality and biological relevance of the data that can be obtained in high-throughput screens (Horning et al., 2008; Hubbel, 2004) . Despite these advances, 3D cellular microarrays for stem cell studies have not yet been fully developed.
In this article we present a high-throughput, 3D cell-based microarray platform designed to allow the expansion and differentiation of embryonic stem (ES) cells, while being compatible with high-throughput screening applications. As a model system, we have studied the expansion and neural commitment of mouse ES cells on arrays of microscale 3D alginate spots. Mouse ES cells were effectively expanded without differentiation in our platform, using serum-free media supplemented with leukemia inhibitory factor (LIF), or serum-free medium supplemented with LIF and bone morphogenetic protein-4 (BMP-4), demonstrating that a scale reduction of nearly 2,000-fold did not affect the performance of the culture. Under these conditions, cells retain their pluripotent state, which can be assessed by quantification of pluripotency markers such as Oct-4 or Nanog (Chambers et al., 2003; Niwa et al., 2000) . However, under serum-free conditions, the absence of LIF leads to the neural commitment of mouse ES cells as a result of autocrine fibroblast growth factor (FGF) signaling (Ying et al., 2003b) . By using a green fluorescent protein (GFP) knock-in reporter ES cell line it is possible to examine the process by which ES cells acquire neural identity in the cellular microarray, enabling the use of these platforms to promptly explore neural fate decisions in a 3D microenvironment.
Moreover, as we demonstrate with FGF-4 and tretinoin, this system may also be tailored to examine in high-throughput fashion signals and conditions (e.g., small molecules and growth factors) that influence stem cell outcome. As a result, the identification of novel 3D microenvironments that regulate stem cell fate may be achieved using this platform.
Materials and Methods

Mouse ES Cell Culture Prior to Microarray Spotting
Upon thawing, 46C mouse ES cells (a kind gift from professor Austin Smith, University of Cambridge, UK) were expanded on gelatinized tissue culture plates at 378C in a 5% CO 2 incubator (HEPA class100, Thermo, Waltham, MA), using serum-free ESGRO 1 complete medium (Millipore, Billerica, MA). The cells were trypsinized and seeded in each passage at 2 Â 10 4 viable cells/cm 2 , until further use for cell spotting on functionalized glass slides. After each passage, viable and dead cells were determined by counting in a hemocytometer using an optical microscope and the trypan blue dye (Invitrogen, Carlsbad, CA) exclusion test.
To evaluate the neural commitment of undifferentiated mouse ES cells following expansion, cells were trypsinized, plated on gelatin-coated tissue culture plates, and incubated for 6 days in RHB-A medium (Stem Cell Sciences, Edinburgh, Scotland, UK), as previously described (Diogo et al., 2008) . At day 6, cells were recovered and analyzed by flow cytometry to quantify the population of Sox1-GFP þ neural progenitor cells (Ying et al., 2003b) .
Flow Cytometry
The percentage of Oct-4 and Nanog-expressing cells was evaluated by flow cytometry prior to microarray spotting. After expansion in tissue culture plates, cells were collected and fixed in 2% (w/v) paraformaldehyde (Sigma, St. Louis, MO) solution in PBS. Cells were then permeabilized with 1% (w/v) saponin (Sigma) solution in PBS, followed by incubation in blocking solution (3% (v/v) normal goat serum (NGS, from Sigma) in PBS) for 15 min. The primary antibody (mouse monoclonal anti-Oct-3/4 or rabbit polyclonal anti-Nanog (Santa Cruz Biotechnology, Santa Cruz, CA), 1:500 dilution in blocking solution) was added to the samples, and the cells were incubated for 2 h at room temperature. After washing thoroughly, the secondary antibody (Alexa Fluor 1 488-conjugated goat-anti-mouse or goat-anti-rabbit IgG (Molecular Probes, Carlsbad, CA), 1:1,000 dilution in blocking solution) was added to the cells and the cells were incubated for 45 min at room temperature. After washing, the samples were analyzed by FACS. Cells incubated only with secondary antibody were used as negative control.
For the quantification of neural conversion, cells were trypsinized after neural commitment in tissue culture plates, resuspended in FACS buffer (PBS with 4% FBS), and analyzed by FACS. Settings were determined at the start of the experiment using undifferentiated 46C ES cells as negative control. Gates were set at 10 units of fluorescence, which excludes more than 99% of undifferentiated ES cells and dead cells.
All analyses were performed on a FACSCalibur TM flow cytometer (Becton Dickinson, Franklin Lakes, NJ) and CellQuest software. Cell debris and dead cells were excluded from the analysis based on electronic gates using forward scatter (size) and side scatter (cell complexity) criteria.
Glass Slide Modification
Borosilicate glass slides (25 Â 75 mm 2 , Fisher, Pittsburgh, PA) were pre-washed with ethanol and acid treated in concentrated sulfuric acid (98%) overnight, followed by sonication for 30 min, and washing in de-ionized distilled water and in acetone. The cleaned glass slides were dried using a nitrogen stream and then baked at 1208C for 15 min prior to use. To generate slides for cell spotting, the acidcleaned glass slides were spin-coated at 3,000 rpm for 30 s with 0.1% (w/v) poly (styrene-co-maleic anhydride) (PS-MA, Sigma) in toluene solution as described previously . Methyltrimethoxysilane (MTMOS, Sigma)-coated slides were also prepared as described previously (Lee et al., 2005) . These slides were used for small molecule printing and stamping experiments.
Mouse ES Cell Spotting and Expansion on Modified Glass Slides
A poly-L-lysine (PLL)-Ba 2þ mixture was prepared by mixing a solution of BaCl 2 in water (0.1 M) and sterile PLL (0.01% (w/v)), both from Sigma, in a 1:2 volume ratio, respectively. This mixture was spotted on the PS-MA-coated glass slides using a MicroSys TM 5100-4SQ non-contact microarrayer (Genomic Solutions, Ann Arbor, MI). A mixture of lowviscosity alginate (Sigma) and cell suspension in growth medium was prepared and spotted on top of the BaCl 2 /PLL bottom layer using the microarrayer. During cell spotting the humidity within the microarrayer chamber was maintained above 90% to retard water evaporation from the applied spots. The final concentration of alginate was 1% (w/v), while different cell densities were tested for these studies.
For mouse ES cell expansion, the slides were immersed in medium and incubated at 378C in a 5% CO 2 incubator for 5 days. Two medium formulations were used: ESGRO 1 serum-free medium supplemented with 1% (v/v) penicillin (50 U/mL)/streptomycin (50 mg/mL) and 0.1% (v/v) fungizone 1 (both from Invitrogen); and Knockout 1 DMEM supplemented with 15% (v/v) Knockout 1 serum-replacement, 1% (v/v) L-glutamine 200 mM, 1% (v/v) penicillin (50 U/mL)/streptomycin(50 mg/mL),0.1%(v/v)fungizone 1 (all from Invitrogen), 1% (v/v) non-essential amino acids 100Â (Sigma), 0.1% (v/v) 2-mercaptoethanol 0.1 mM (Sigma), and 0.1% (v/v) LIF (10 6 U mouse LIF, Millipore). The medium was changed after 2 and 4 days in culture, and cellular viability was assessed with the LIVE/ DEAD 1 Viability/Cytotoxicity Kit for mammalian cells (Invitrogen) . Briefly, the slides were rinsed three times in PBS and a solution containing 0.5 mM calcein AM was used to detect viable cells through green fluorescence intensity. The cell slides were gently dried and the fluorescence was immediately scanned (using the GenePix 1 Professional 4200A scanner, from Molecular Devices Co., Sunnyvale, CA) and quantified from the scanning image using the GenePix Pro 6.0 software package (Molecular Devices Co.). The blue laser (488 nm) for excitation and standard blue filter for green dye emission, and blue laser and 645AF75/594 filter for red dye were used for evaluating live and dead cells, respectively.
Neural Commitment of Mouse ES Cells on Cellular Microarray
A PLL-Ba 2þ mixture was spotted on PS-MA-coated glass slides as described in the previous section. Prior to cell spotting, 46C mouse ES cells were expanded for two passages at 2 Â 10 4 viable cells/cm 2 , and then for one passage at a relatively high density (10 5 viable cells/cm 2 ) during 24 h in serum-free ESGRO 1 complete medium (Diogo et al., 2008) . A mixture of low-viscosity alginate and cell suspension in culture medium was then prepared and spotted on top of the BaCl 2 /PLL bottom layer using the microarrayer. Once again the humidity within the microarrayer chamber was maintained above 90% to retard water evaporation from the applied spots. The final concentration of alginate was 1% (w/v), while initial cell densities of 200 cells/spot or 400 cells/spot were tested for these studies. The slides were immersed in serum-free RHB-A medium supplemented with 1% (v/v) penicillin (50 U/mL)/streptomycin (50 mg/mL) and 0.1% (v/v) fungizone 1 , and incubated at 378C in a 5% CO 2 incubator for 6 days. Medium was changed at days 2 and 4. The GFP fluorescence of Sox1-GFP þ neural progenitors in the spots was visualized using a standard fluorescence microscope and quantified from the scanning image obtained using the slide scanner.
Cell-Based Microarray Immunofluorescence Assay: Oct-4 and Nanog Staining Slides were rinsed in washing buffer (PBS containing 20 mM of CaCl 2 ), and cells were stained as described previously (Fernandes et al., 2008) . Briefly, after fixing with a cold solution of methanol and acetone (1:1, v/v), slides were washed and incubated in blocking solution (SuperBlock TM , Pierce, Rockford, IL). The primary antibody (mouse monoclonal anti-Oct-3/4 or rabbit polyclonal anti-Nanog, 1:500 dilution in PBS containing 0.1% (v/v) Tween-20 and 1% (w/ v) BSA) was added to the slides and cells were incubated overnight at 48C. After washing thoroughly, the secondary antibody (peroxidase-conjugated goat-anti-mouse or goatanti-rabbit IgG, (Molecular Probes), 1:1,000 dilution in PBS containing 0.1% (v/v) Tween-20 and 1% (w/v) BSA) was added to the slides and cells were incubated for 3 h at room temperature. A tyramide signal amplification kit (Molecular Probes) was used following the manufacturer's instructions to detect the presence of the target protein through fluorescence analysis. The fluorescence levels of Oct-4 and Nanog were measured with a slide scanner and analyzed using GenePix Pro 6.0 (blue laser (488 nm) and standard blue filter for excitation/emission). The fluorescence signal of b-actin (determined using the same protocol using yellow laser (594 nm) and 645AF75/594 filter for excitation/ emission) was used as the internal control.
Confocal Microscopy
Z-stacks were obtained using confocal microscopy to obtain 3D images of cell spots. Specifically, the cell nuclei of spotted cells were stained using DAPI (dilactate) (Invitrogen) by addition of 20 mL of 5 nM DAPI solution (l ex : 405 nm; l em : 460 nm) to cell slides in 10 mL of ESGRO 1 medium and incubated for 10 min. Stained samples were washed thoroughly with 10 mL of fresh medium at least three times before imaging. For obtaining the z-stack images, cell spots were imaged using a 10Â objective with a section thickness of 4 mm.
Tretinoin and FGF-4 Incubation Using a Dual Slide Configuration
To demonstrate the potential of this platform for screening small molecules, growth factors, and their effects in stem cell models, 60 nL of known concentrations of tretinoin (alltrans-retinoic acid (RA) from Sigma) and FGF-4 (Sigma) were dispensed onto MTMOS-coated slides. The resulting array was then stamped on top of the 3D cellular array, in such a way that each compound-containing spot contacted a cell spot, as described previously (Fernandes et al., 2008; Lee et al., 2008) . For efficient stamping, a 250-mm high silicone gasket was used to maintain proper spacing between the two slides (Lee et al., 2005) , avoiding damage of the alginate spots while maintaining an optimal distance between the cell spots and the compound-containing spots during incubation. The dual slide system was subsequently incubated for specific times at 378C in a humidified hybridization chamber to prevent evaporation and spot drying. After stamping, the cell spots were rinsed with warm medium and the cellular microarray was incubated at 378C in serum-free ESGRO 1 complete medium for 3 days, and finally stained for Oct-4 and Nanog using the cellular microarray-based immunofluorescence assay described previously.
Statistical Analysis
Statistical analysis was performed using the SPSS 16.0 software (SPSS, Inc., Chicago, IL, http://www.spss.com.uk). The non-parametric Wilcoxon-Mann-Whitney test was used to evaluate statistical significance of two independent samples ( P < 0.05). Error bars represent the standard error of the mean (SEM) from triplicate slides for each condition (total of 144 spots for each point).
RESULTS
Cellular Microarray Fabrication and Characterization
Signals provided by the stem cell microenvironment, or niche, are essential for controlling stem cell fate. These signals include physical cues, such as matrix elasticity (Engler et al., 2006) , cell-cell and cell-ECM interactions, soluble factors (e.g., growth factors and small molecules), and the 3D architecture that supports cell growth and differentiation (Even-Ram et al., 2006) . In an effort to mimic this intricate niche, we used a 3D cell-on-a-chip technique involving alginate-based matrixes on a microscope slide that was recently developed by Lee et al. (2008) . The glass surface of the slide was treated and functionalized using a reactive copolymer of polystyrene and maleic anhydride (PS-MA; Fig. 1A ) in order to increase surface hydrophobicity while providing reactive groups to covalently attach the highly cationic PLL. A bottom layer of PLL and BaCl 2 was spotted onto predetermined positions of the PS-MA-treated surface. 3D spots were formed by the deposition of an alginate solution containing cells on top of the PLL/BaCl 2 bottom layer. Under these conditions, the positively charged PLL serves as a substrate to bind Ba 2þ ions and assist the attachment of the negatively charged alginate. The Ba 2þ ions cause instantaneous gelation of alginate chains to give rise to 3D cell-containing matrix spots (60 nL) with a diameter of <800 mm and a center-to-center distance between adjacent spots of <1,200 mm (Fig. 1B) . This spotting technique is reproducible and requires low amounts of reagents for fabrication of the biochip, producing a functional microarray platform for high-throughput screening compatible with conventional microarray scanning for quantitative studies.
The capacity of the microscale 3D alginate matrix to support mouse ES cell growth was also evaluated. Arrays of 560 spots with 46C mouse ES cells at an initial cell density of 100 cells/spot were prepared and incubated in serum-free expansion medium (ESGRO 1 complete) for 5 days. During this period, the cells remained confined within the spots, with no spot breakage and no visible gel detachment from the slide, indicating that the spots were structurally stable. Confocal microscopy images (of 30 nL spots) also indicate that encapsulated cells are evenly distributed inside the alginate spots and are in fact organized in a 3D environment (Fig. 1C) . Cell viability was confirmed after 5 days by staining a slide with the fluorescent dyes calcein AM and ethidium homodimer-I to identify live and dead cells, respectively (data not shown). Red fluorescence of dead cells was negligible when compared to green fluorescence of live cells, indicating that the hydrogel environment did not seriously affect cell viability, a result in agreement with previous studies of ES cell encapsulation in alginate hydrogels (Siti-Ismail et al., 2008) . Moreover, live cell numbers per spot correlated linearly with green fluorescence intensity (Fig. 1D) , which facilitated cell growth calculations (Fernandes et al., 2008; Lee et al., 2008) .
Mouse ES Cell Expansion in 3D Alginate-Matrix Spots
To assess the suitability of the microscale 3D alginate matrix for mouse ES cell culture, arrays of 560 spots containing 46C cells were created at different initial densities per spot (Table I ). Increased seeding cell densities resulted in lower growth rates of the cells, as reflected by the observed doubling times. Mixtures of low-viscosity alginate and cell suspension in expansion medium were prepared and spotted on top of the BaCl 2 /PLL bottom layer using a robotic spotter. After spotting, the slides were maintained in expansion medium for 5 days, followed by staining of viable cells in the spot microenvironment using a calcein AM fluorescent dye ( Fig. 2A) . Two serum-free expansion media were tested: ESGRO 1 complete medium, and DMEM supplemented with Knockout 1 serum-replacement (DMEM/SR) and LIF. Under serum-free conditions, both expansion media support mouse ES cell expansion, either by the combination of LIF and serum-replacement, or by the combination of LIF and BMP-4 (in the case of ESGRO 1 complete), which act together to sustain self-renewal capacity and preserve multilineage differentiation potential of mouse ES cells (Ying et al., 2003a) .
The evolution of viable cell number on alginate gel spots throughout time in culture can be seen in the growth curves presented in Figure 2B . Cells were inoculated at 50, 100, 200, and 400 cells/spot on 60 nL spots in ESGRO 1 complete medium or DMEM/SR medium supplemented with LIF. Cell growth could be observed at all initial cell densities tested. For lower initial cell densities (50 and 100 cells/spot), similar results were obtained for both expansion media. Cells expanded exponentially for the first 2 days in culture and then more slowly until day 5, reaching an average number of viable cells per spot close to 1,000. At higher seeding densities (200 and 400 cells/spot), expansion in ESGRO 1 complete medium led to an exponential phase of cell growth until day 3, after which the maximum fold increase in total cells was obtained, followed by a stationary phase until day 5 in culture. On the other hand, when DMEM/SR supplemented with LIF was used for the expansion of cells seeded at 200 or 400 cells/spot, cell growth was slower and a stationary phase was only reached at day 4. However, the final cell number per spot obtained for both growth media was comparable by day 5 ($1,300 cells/spot and $1,700 cells/spot for initial seeding densities of 200 and 400 cells/spot, respectively).
Cell expansion in terms of fold increase in total cell number was similar for both growth media tested in all seeding densities under study. However, this value decreased by increasing initial cell density (Fig. 2C ). This may be related to cell growth inhibition due to higher accumulation of toxic metabolic waste products in the spot microenvironment, and also less space available for cell growth inside the alginate matrix. A similar trend could be seen for the apparent specific growth rate calculated for each seeding density (Fig. 2C) , and the corresponding doubling time (Table I (Fernandes et al., 2007 (Fernandes et al., , 2010 . 46C mouse ES cells could thus be cultured in the microarray platform without losing viability, and the culture performance was not affected by the near 2,000-fold scale reduction from typical tissue culture plate systems.
Mouse ES Cells Retain Their Undifferentiated State in the Cellular Microarray
Typically, ES cells express several markers of pluripotency such as Oct-4 and Nanog, among others (Chambers et al., 2003; Niwa et al., 2000) . Thus, when expanded in the presence of LIF, mouse ES cells express high levels of Oct-4 and Nanog, as was confirmed by flow cytometry after intracellular staining (Fig. 3A) . In order to quantify the levels of these proteins in situ, we used an in-cell, on-chip immunofluorescent methodology to enable rapid quantification of the levels of specific cell marker proteins on the microarray platform (Fernandes et al., 2008) .
Briefly, after fixing and permeabilizing the cells, a primary antibody specific to the target protein was added to the chip. A strong signal was obtained by using a horseradish peroxidase (HRP) secondary antibody complex that binds to the primary antibody. The HRP generates multiple copies of a tyramide dye that is highly reactive and covalently attaches to nucleophilic residues in the vicinity of the HRPtarget interaction site, minimizing diffusion-related loss of signal and enabling quantification of the target protein in each individual spot without spot-to-spot contamination (Fernandes et al., 2008) . In the present work, this procedure was used to stain mouse ES cells encapsulated in the alginate spots after expansion for 5 days in serum-free medium containing LIF. As expected, cells stained positively for Oct-4 (Fig. 3B) , demonstrating that expansion in the 3D alginate matrix did not result in loss of Oct-4 expression.
The in-cell, on-chip immunofluorescence method also enables quantitative analysis of both Oct-4 and Nanog markers, thereby providing an opportunity to perform cell fate studies in a high-throughput fashion. To test this possibility, we expanded mouse ES cells in the alginate spots for 5 days in serum-free medium either in the presence or in the absence of exogenous LIF. Histogram plots showing the distribution of Oct-4 and Nanog (normalized for b-actin) signals for these two conditions obtained from separate slides can be seen in Figure 3C . The analysis of the distribution of both signals reveals two distinct cell populations. The absence of LIF supplementation essentially causes spontaneous differentiation of cells within the alginate spots, with concomitant decrease in both markers of pluripotency. Although Oct-4 and Nanog expression is not completely lost, their levels significantly decreased in comparison to expansion in the presence of LIF ( P < 0.05) (Fig. 3D ). This observation was independent of the initial cell density tested (50 or 100 cells/spot). However, a greater difference was evident for an initial cell density of 50 cells/ spot, especially in the case of Oct-4. Under these conditions, in the absence of LIF, the Oct-4 signal was only 34 AE 3% of that measured for cells expanded in the presence of exogenous LIF. For an initial cell density of 100 cells/spot, this difference was 51 AE 2%. This result shows a greater susceptibility for spontaneous differentiation in cells seeded at lower densities in the alginate spots and maintained without LIF. This may be related to a supportive role of endogenous STAT-3 signaling in maintaining cell pluripotency in the absence of exogenous LIF (Davey and Zandstra, 2006) . Although insufficient for sustaining self-renewal, endogenous STAT-3 signaling can delay, at least to some extent, spontaneous differentiation. However, this process is more efficient when cells are in close proximity, which is more likely to happen when cells are seeded at higher initial cell densities.
Overall, the on-chip immunofluorescence method proved to be adequate for measuring levels of Oct-4 and Nanog in response to LIF stimulation. Moreover, mouse ES cells retained their undifferentiated state after expansion in the 3D alginate spots when LIF was exogenously supplemented to the culture medium.
Neural Commitment of Mouse ES Cells in 3D Alginate Spots
The utility of ES cells as a source of defined cell populations for pharmaceutical screening or clinical transplantation is largely unfulfilled because in vitro differentiation is still poorly controlled. However, mouse ES cells commit efficiently to a neural fate in adherent monoculture when signals for alternative fates are eliminated (Ying et al., 2003b) . This process requires autocrine FGF signaling, and we reasoned that the alginate matrix could provide an optimal microenvironment for this process to take place.
A Sox1-GFP knock-in mouse ES cell line (46C) was used to investigate the neural commitment in a microscale cell chip environment. Sox1 is the earliest known specific marker of the neuroectoderm in the mouse embryo, and in serumfree conditions withdrawal of LIF results in the emergence of Sox1-GFP þ cell phenotype in a rosette conformation typical of neuroepithelial cells (Ying et al., 2003b) . Using flow cytometry quantification, it is possible to determine that a high percentage of ES cells (>80%) is able to undergo neural conversion (Fig. 4A) . To evaluate the neural commitment of 46C mouse ES cells in situ, cells were spotted onto the 3D cell culture microarray and were cultured for 6 days in RHB-A medium. The cells were able to grow in these conditions, and after 6 days they organized into tubular-like structures and rosette conformations typical of early neural progenitors (Ying et al., 2003b) (Fig. 4B-I ). Furthermore, they were Sox1 þ , which was confirmed by the green fluorescence resulting from GFP expression (Fig. 4B-II) . A histogram plot showing the distribution of Sox1-GFP (normalized for b-actin) signal for cells that underwent neural commitment and pluripotent cells revealed that it is possible to distinguish these two cell populations in the microarray platform based on Sox1 expression (Fig. 4C) . Quantification of GFP signal and markers of pluripotency (Oct-4 and Nanog, measured using the on-chip immunofluorescent method) in cells cultured under neural commitment conditions (RHB-A), and cells cultured under expansion conditions (DMEM/SR þ LIF), further indicates significant differences in terms of cell fate. Sox1 þ cells show negligible expression of Oct-4 and Nanog when compared with pluripotent cells (Fig. 4D) . On the other hand, pluripotent cells do not express Sox1 (Ying et al., 2003b) and the GFP signal measured across the microarray spots was significantly lower ( P < 0.05) than that measured for cells committed with the neural lineage. However, in the case A: Neural committed cells express high levels of Sox1, a marker of primitive neuroectoderm, as can be seen by flow cytometry after culture on tissue culture plates. B: After incubation for 6 days in the alginate spots in RHB-A serum-free medium, mouse ES cells differentiate into Sox1-GFP þ neural precursor cells. The image shows a magnification of the center of a cell-containing alginate spot. Cells were inoculated at 400 cells/spot on 60 nL spots (I: bright field; II: fluorescence; scale bar: 100 mm). C: Histogram plot showing the distribution of Sox1-GFP (normalized for b-actin) signal for cells cultured for 6 days in RHB-A serum-free medium. D: Quantification of Oct-4, Nanog, and Sox1-GFP for cells expanded in serum-free medium in the presence of LIF (DMEM/SR þ LIF) and cells cultured for 6 days in RHB-A serum-free medium. Oct-4 and Nanog signals were normalized for b-actin and are relative to cells expanded in DMEM/SR þ LIF. Sox1-GFP signals were normalized for b-actin and are relative to cells cultured in RHB-A medium. [Color figure can be seen in the online version of this article, available at www.interscience. wiley.com.] of Sox1-GFP, the fluorescent signal is directly measured from the microarray without signal amplification using an immunostaining method, which results in a residual signal in pluripotent cells (Sox-1 À ) due to intrinsic fluorescence of the cells.
These results show that the microarray system provides a suitable platform for studying the molecular mechanisms of neural commitment and potentially to optimize the efficiency of neuronal cell production from pluripotent mammalian stem cells in a high-throughput manner. In a broader context, a similar approach could be adopted to study different cellular processes and gain a deeper understanding of stem cell differentiation.
Tretinoin and FGF-4 Incubation Using a Dual Slide Configuration
The high-throughput capacity of our microarray platform was also tested by spotting tretinoin (all-trans-RA) and FGF-4 in arrays of 60-nL spots printed onto MTMOS-coated slides. This approach was used to demonstrate the potential of this platform for screening small molecules, and combination of small molecules with growth factors, and their effects on stem cell models. To facilitate the addition of these compounds onto the cell-containing microarray, an MTMOS-coated glass slide was prepared and spotted with specific concentrations of RA and FGF-4. The MTMOS slide is complementary to the 3D cell-containing alginate array. Bringing both slides together via stamping, followed by incubation, provides a dual slide system that enables the small molecules to diffuse into the cell spots and induce a biological response (Fig. 5A) . The diffusion of small molecules through alginate spots is expected to be fast due to the high water content of the gel (Ha et al., 2008) . In fact, the widespread use of alginate cell-based encapsulation is due to the gentle environment alginate provides to the entrapped cells, as well as its high porosity due to the open lattice structure in the gel. This allows for high molecular (small Figure 5 . Cellular microarray platform is compatible with high-throughput studies. A: Schematics depicting the dual slide incubation procedure. FGF-4 (2 ng/mL) and retinoic acid (10 mM) were printed onto MTMOS-functionalized glass slides and stamped on top of alginate spots containing mouse ES cells. LIF was used as positive control. The dual slide system was incubated overnight and cells were incubated for additional 3 days before analysis. B: Percentage of viable cells after stamping using a dual slide system and incubation for specific times at 378C in a humidified chamber. After stamping, the cellular microarray was incubated in expansion medium (ESGRO 1 complete) for 3 days, and finally stained using the calcein AM viability dye. The results are normalized for the levels of the control (no stamping) cells. C: Quantification of Oct-4 and Nanog levels on the 3D cellular microarray after stamping with FGF-4 (2 ng/mL) and retinoic acid (10 mM), or LIF, and subsequent incubation in LIF-containing medium for 3 days. The results are normalized for the levels obtained with LIF. b-Actin was used as the internal control.
molecule and protein growth factor) rates of diffusion within the whole gel structure and facilitates exchange with aqueous solutions (Oyaas et al., 1995) . Thus, for the stamping time used in this work, the molecules would diffuse a distance much greater than the height of the stamped spots ($150 mm). A similar stamping strategy was already shown to be effective in the high-throughput analysis of small molecule cytotoxicity in human hepatoma and breast cancer cell lines .
MTMOS-coated slides were printed with RA (10 mM) and FGF-4 (2 ng/mL) in a block of 14 Â 20 spots. The printed MTMOS slides were stamped afterwards on top of the 3D cell-containing alginate array (also prepared in a spot arrangement that was a mirror image of the small-moleculecontaining slide), such that each small-molecule spot was in contact with a cell spot, as previously described. The stamped slides were incubated overnight, after which the slides were separated and cells were incubated for additional 3 days before analysis (Fig. 5A) . A block of 14 Â 20 spots printed in the same slide with expansion medium supplemented with LIF was used as a control. The stamping did not affect the cell viability, which remained high and comparable to cells that were not subjected to this process (Fig. 5B ). This is due to the fact that incubation of the dual slide system was performed in a humidified chamber to prevent spot drying and consequent cell death.
It was expected that overnight stamping with a mixture of RA and FGF-4, despite being a relatively short time, would result in irreversible differentiation of cells and consequently a decrease in the expression of pluripotency markers, since both molecules are involved in signaling pathways that lead to mouse ES cell differentiation (Kim et al., 2009; Ying et al., 2008) . Quantification of Oct-4 and Nanog levels on the 3D cellular microarray after stamping and subsequent incubation in LIF-containing medium for 3 days revealed that cells subjected to a combination of RA and FGF-4 in fact decreased levels of these markers (Fig. 5C ). Although not particularly pronounced (approximately a 25% decrease for Oct-4 and 20% for Nanog, respectively), this reduction was statistically significant ( P < 0.05) when compared to the levels registered when LIF was stamped instead. This result supports our initial assumption that despite the relatively short stamping time with the molecules, the combination of RA and FGF-4 induced cell differentiation, wherein cells could not recover Oct-4 and Nanog levels of expression even after incubation in LIF-containing medium for an additional 3 days. This provides proof of concept of the use of our system to examine, in high-throughput, signals and conditions that influence stem cells. Therefore, the identification of novel in vitro 3D microenvironments that regulate stem cell fate may be achieved using this platform.
Discussion
Stem cells are known to reside in complex microenvironments, or niches, that regulate their self-renewal and differentiation (Morrison and Spradling, 2008) . Signals emanating from the stem cell niche include physical cues and soluble factors arranged in a 3D topography of controlled stiffness. Mimicking this intricate niche is expected to facilitate the ex vivo control of stem cell selfrenewal and differentiation (Dellatore et al., 2008) .
Herein we proposed a novel cellular microarray platform that includes some of the features described above for the stem cell niche, namely its three-dimensionality (Fig. 1) . In general, cellular microarrays are powerful tools that enable the multiplexed interrogation of living cells and the analysis of cellular responses in a high-throughput manner (Fernandes et al., 2009 ). However, it has been shown that the 3D architecture of the cellular niche improves the quality of data obtained from in vitro assays (Horning et al., 2008) . Therefore, in an effort to create a 3D cell-chip platform, we used a technique involving an alginate-based matrix on a microscope slide. Alginate is a biocompatible hydrogel and its use results in stable 3D spots that support cell growth (Fig. 1B and C) . The reticulate structures formed by crosslinked alginate chains possess high water contents that facilitate the transport of nutrients, soluble factors, and waste products in the spots, while effectively encapsulating the cells inside. Therefore, this approach produces a functional microarray platform for high-throughput screening compatible with 3D stem cell growth.
The functionality of the system was first tested by creating arrays of cells at different initial cell densities per spot, and evaluating the expansion of these cells in the presence of LIF (Fig. 2 and Table I ). We analyzed cell expansion in these conditions and calculated the apparent specific growth rate for each seeding density and the corresponding doubling time. As shown previously for 2D culture in patterned substrates (Dike et al., 1999) , different initial cell densities may result in different cellular outcomes. In this work, we also observed an influence of the initial cell density in the expansion of mouse ES cells on alginate-matrix spots; namely, that higher seeding densities led to lower fold increases in total cell number and lower specific growth rates. This may be related with cell growth inhibition due to lack of space available for cell growth inside the alginate matrix, and also to higher accumulation of toxic metabolic waste products in the spot microenvironment when cells are seeded at higher numbers. Interestingly, in the presence of LIF, these cells express high levels of pluripotency markers; thus, the reduction in the apparent specific growth rate is not related to differentiation in the spots. More important, the culture performance was not affected by the near 2,000-fold scale reduction from typical well plates cultures, since growth rate values were comparable to those obtained for mouse ES cell expansion in larger scale culture systems.
The ability to quantify the levels of specific cell marker proteins and track cell fate decisions on the microarray platform was also tested. To this end, we used an immunofluorescence method that was scaled down to function at the microscale level and allow high-throughput analysis of target proteins (Fernandes et al., 2008) . We evaluated the levels of the pluripotency markers Oct-4 and Nanog in situ, and the in-cell, on-chip immunofluorescence methodology was found to be both sensitive and accurate for measuring levels of these proteins in response to LIF stimulation (Fig. 3) . Specifically, when LIF was added to the growth medium, cells expanded in the alginate spots stained positively for both Oct-4 and Nanog. Furthermore, the cells showed high levels of expression of these markers, especially when compared to cells expanded in the absence of exogenous LIF. In this case, although a serum-free medium was used, the presence of signals in the serum-replacement supplement caused spontaneous differentiation, which resulted in significant decrease in the expression of pluripotency markers. Hence, mouse ES cells retained their undifferentiated state after expansion in the 3D alginate spots when LIF was exogenously supplemented to the culture medium. However, when signals for alternative fates are eliminated, ES cells commit efficiently to a neural fate as a consequence of autocrine FGF signaling (Ying et al., 2003b) . Such a cell fate could also be evaluated using our microarray platform (Fig. 4) . The use of a Sox1-GFP knockin mouse ES cell line allowed us to quantify the levels of Sox1 expression that resulted of the neural commitment of cells. The alginate-matrix provided a favorable microenvironment for this process to take place, and after 6 days of neural commitment cells showed high levels of Sox1 expression and negligible levels of both Oct-4 and Nanog (Fig. 4D) . Overall, this system provides a suitable platform for studying the molecular mechanisms of neural commitment in a highthroughput manner and may also be tailored to study different processes and gain a deeper understanding of stem cell differentiation.
Finally, the high-throughput capacity of our microarray platform was tested using a dual slide system where MTMOS-coated slides spotted with a mixture of RA and FGF-4 were stamped on top of a 3D cell-containing alginate array that was a mirror image of the small-moleculecontaining slide (Fig. 5) . We used this approach to demonstrate the potential of this platform for screening small molecules and their effects in stem cell models. Bringing both slides together via stamping, followed by incubation, provides a dual slide system that enables the small molecules to diffuse into the cell spots and induce a biological response . Overnight stamping with a mixture of RA and FGF-4 was expected to result in irreversible differentiation of cells and consequent decrease in the expression of pluripotency markers even after incubation in LIF-containing medium for additional 3 days. Quantification of Oct-4 and Nanog levels on the 3D cellular microarray after stamping and subsequent incubation in LIF-containing medium supported this assumption (Fig. 5C) , showing that despite the relatively short stamping time with the molecules, the combination of RA and FGF-4 induced cell differentiation and cells could not recover Oct-4 and Nanog levels of expression. This procedure illustrates that the 3D cellular microarray can be tailored to function as a high-throughput screening platform to evaluate simultaneously the effects of different molecules, either alone or in combination, on stem cell fate.
Conclusions
Due to their unique characteristics, stem cells find potential applications in the areas of regenerative medicine and drug discovery. Therefore, it is crucial to expedite our knowledge on the fundamental aspects of stem cell self-renewal and differentiation. We have developed a microarray-based platform that can be used to study these events with minimal consumption of cells and reagents. Furthermore, cells can be expanded and differentiated in a 3D alginate-matrix environment in a highly parallel fashion. In conclusion, the 3D cellular microarray presented herein serves as a highthroughput platform that enables quantification of on-chip cellular protein levels following perturbation of stem cells upon addition of soluble factors. This method should have many applications in high-content, cell-based screening regimens for the discovery of new agents and conditions that control stem cell fate. In a broader context, this cellular microarray may be further expanded to other applications such as high-throughput drug screening, enzyme inhibition, and cytotoxicity assays. 
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